In Escherichia coli, peptide cross bridges in the murein undergo turnover after they are synthesized. Peptide cross bridges formed in the presence of [3H]diaminopimelic acid were found to lose 3H label from their donor peptides after the [3H]diaminopimelic acid was removed from the growth medium. There was a corresponding increase in the amount of 3H label in acceptor peptides so that the total amount of label in the peptide cross bridges remained constant. Our explanation of this observation is that the cross bridges are cleaved by the cell, and the ornginal 3H-labeled LbIng and isolation of murein. Bacteria were inoculated into 5 to 10 ml of antibiotic medium no. 3 and allowed to reach an optical density of 600 (578 nm); then [3H]diaminopimelic acid (100 pCi/ml, final concentration) was added to the medium. In pulsechase experiments, the [3H]diaminopimelate was removed by collecting the cells on a filter (1.2-,um pore size) and washing them three times with 40 ml of prewarmed medium containing 0.4 mg of unlabeled diaminopimelate per ml. The cells were then suspended in 5 volumes of prewarmed medium containing 0.4 mg of unlabeled diaminopimelate per ml and allowed to grow.
In Escherichia coli, peptide cross bridges in the murein undergo turnover after they are synthesized. Peptide cross bridges formed in the presence of [3H]diaminopimelic acid were found to lose 3H label from their donor peptides after the [3H]diaminopimelic acid was removed from the growth medium. There was a corresponding increase in the amount of 3H label in acceptor peptides so that the total amount of label in the peptide cross bridges remained constant. Our explanation of this observation is that the cross bridges are cleaved by the cell, and the ornginal 3H-labeled donor peptides are incorporated into new cross bridges. Since these 3H-labeled peptides are now only tetrapeptides, they can only be used as acceptors when new cross bridges are formed. The murein sacculus in Escherichia coli is composed of long glycan chains and short peptide chains which covalently link the glycan chains together; as such, the sacculus is a covalently linked net which completely encloses the cytoplasmic membrane and the cytoplasm.
Noting that a growing E. coli cell must increase the surface area of its sacculus as it elongates, Weidel and Pelzer (19) argued in 1964 that the sacculus could not be expanded unless some of the bonds holding the covalently linked net together were cleaved. Since the glycan strands are perpendicular to the long axis of the cell (18) , one method of increasing the length of the sacculus would be to split the peptide cross bridges holding old glycan strands together, insert newly synthesized glycan strands between the old strands, and finally form new peptide cross bridges between old and new glycan strands. Alternatively, new glycan strands could be attached to the sacculus before the cleavage of old cross bridges (11) . In either case, old cross bridges would be cleaved as the sacculus increased in size. E. coli is known to possess at least two murein endopeptidases that are capable of splitting the peptide cross bridges in murein (10, 17) .
The purpose of this study was to determine whether the peptide cross bridges in the murein of E. coli remained intact once formed or whether some of them were cleaved and reformed as the cell grew. We found, in Murein was isolated from labeled cultures by removing a sample from the culture and immediately placing it in an equal volume of boiling 8% sodium dodecyl sulfate. The sample was then boiled for 5 min; 0.4 mg of unlabeled murein was added to the sample, and the murein was pelleted by centrifugation at 105,000 x g for 60 min at room temperature. The pellet was washed once by centrifugation.
Determination of the free amino group content of [3HJdlnmlnoplmelic acid in murein cross bridges. After isolation, the murein was deaminated by treatment with nitrous acid as described by Fordham and Gilvarg (4) . The nitrous acid was removed by collecting the sacculi onto a membrane filter (0.2-t.m pore size) and washing them four times with 20 ml of distilled water.
The ifiter with the sacculi was placed in 10 ml of 0.2 M ammonium acetate (pH 7.4, containing 0.02% azide), 1 mg of egg white lysozyme was added, and the sample was digested overnight at 370C with shaking. Lysozyme digestion released the 3H label from the filter; the filter was removed from the sample, and the sample was boiled for 5 min to inactivate the lysozyme and then lyophilyzed.
The digestion products, disaccharide peptide monomer and bisdisaccharide peptide dimer, were separated from each other by chromatography on Whatman 3MM chromatographic paper in isobutyric acid-1 M ammonia (5:3) for 18 h (solvent system I) (1). The two substances were eluted from the paper (3), lyophilyzed, and hydrolyzed in 6 N HCl at 105°C for 12 h. The samples were dried in a desiccator; traces of HCI were removed by adding 0.5 ml of water and evaporating to dryness three times. 
RESULTS
The formation of peptide cross bridges occurs by a transpeptidation reaction in which murein precursors containing a pentapeptide side chain act as donors and tetrapeptides in the murein sacculus act as acceptors ( According to this reaction sequence, if E. coli cells are given a short pulse of [3H]diaminopimelic acid, most of the label incorporated into cross bridges should be in the donor peptide. If these original cross bridges are subsequently cut, the 3H-labeled peptides in them could become part of new cross bridges-however, only as acceptor peptides, since they now lack the terminal Dalanine and are only tetrapeptides (Fig. 1) .
It is possible to determine the amount of [3H]diaminopimelic acid in donor and acceptor peptides of cross bridges, since only the donor diaminopimelic acid has a free amino group (Fig.  1) . This free amino group can be removed with nitrous acid, converting the diaminopimelic acid to hydroxyaminopimelic acid (4 acid was also prepared. The samples were deaminated and digested with lysozyme, and then the digestion products, bisdisaccharide peptide dimer (cross-linked peptide) and disaccharide peptide monomer (uncross-linked peptide), were separated. The two substances were subjected to acid hydrolysis, and the resulting 3H-amino acids were separated by paper chromatography in solvent 11 (13 of the time. The fact that new peptides were acting as acceptors one-third of the time suggests that several (ca. 5 to 6) glycan strands were being added to the sacculus as a unit or in short succession of each other. The addition of single strands randomly over the surface of the sacculus would require that new peptides act only as donors, since very few pentapeptide donors exist in the sacculus proper (2). It was important to know that complete removal of free amino groups had occurred, since incomplete deamination would result in overestimation of the proportion of donor peptides. Control samples containing uniformly labeled murein indicated that deamination was complete, since 50% of the label was recovered as hydroxyaminopimelic acid. Deamination of the diaminopimelic acid in uncross-linked peptides also provides a measure of the completeness of deamination in each murein sample, because these diaminopimelic acid residues all have a free amino group which should be removed by nitrous acid. We routinely measured the deamination of these diaminopimelic acid residues in our murein samples and always found greater than 99% deamination (Fig. 2) . The product of deamination was not hydroxyaminopimelic acid, but a compound with an Rf similar to that of leucine (Fig. 2) , and thus apparently less polar than hydroxyaminopimelic acid. A double-label experiment with [G-3H]diaminopimelic acid and [1,7-14C]diaminopimelic acid (14C in the carboxyl carbons) clearly showed that the diaminopimelic acid derivative from the uncross-linked peptide still had both its carboxyl carbons. Infrared spectra of the compound revealed that it had a carbon-carbon double bond; we, therefore, infer that the compound is 2-amino-5-heptenedioic acid.
Loss were then removed from the culture after 0, 5, 10, 15, 30, 60, and 90 min, and the murein was isolated and deaminated. Both the total amount of label in the cross bridges and the portion of that label in the donor and acceptor peptides were determined for each sample. Figure 3 shows the results of this experiment. Initially after removal from the [3H]diaminopimelic acid-containing medium the cells continued to incorporate 3H label into murein (data not shown), cross bridges, donor peptides, and acceptor peptides. After 15 min, incorporation into murein ceased, and at this time the amount of label recovered from the donor peptides started to drop. Corresponding to this decrease in donor label was an increase in 3H label in acceptor peptides. This decrease in donor label and the fact that the total amount of label in cross bridges remained constant indicate that cross bridges were being split and reformed as the cells grew. In this experiment about one-third of the label in the donor peptide was lost between 15 and 60 min, indicating that one-third of the cross bridges were split. We repeated this experiment twice with E. coli W7; in both cases we observed a similar reduction in the amount of label in the donor peptides.
Another possible explanation for the loss of label from donor peptides is that these peptides were becoming part of trisaccharide peptide trimers, which do exist in small quantities in E. coli murein (6) . However, we observed no increase in label in this compound during the period of cross bridge turnover (15 to 60 min).
Pulse-chase experiments were also carried out with two other E. coli strains, JE5509 and PA3092. One murein sample was taken immediately after removal of the [3H]diaminopimelic acid, and a second sample was taken 60 min later. The percentage of donor peptide in cross bridges decreased in these strains too ( Table 2 ), indicating that these strains also split and reform their cross bridges.
DISCUSSION
In E. coli, incorporation of new murein into the sacculus occurs at a central growth zone midway between the ends of the cell (14) . Presumably this is where intercalation, the splitting of old bonds and the formation of new bonds, is most active. Once incorporated into the sacculus, the murein is gradually pushed out laterally and eventually leaves the growth zone (15) , at which time the rate of bond cleavage and formation should decrease.
Our results suggest that cleavage of cross bridges does occur more rapidly in newly synthesized murein than in old murein. The loss of label from donor peptides was most rapid immediately after incorporation of 3H label into the sacculus had ceased; cross bridges that escaped this initial 20-to 30-min period of active cleavage were much less likely to be subsequently cleaved. It is possible that peptide cross bridges in certain regions of the sacculus are not subject to turnover; such regions should be those in which no expansion of the sacculus takes place, for instance, the hemispherical regions at the poles (ends) of the cell.
Although our results show that cross bridges are cleaved, it remains to be demonstrated that the cell actually uses this process to enlarge its sacculus. Two murein endopeptidases have been isolated from E. coli which cleave peptide cross bridges in vitro (10, 17) . One of these enzymes is penicillin sensitive and is bound to the cytoplasmic membrane; it is believed to be penicillin-binding protein no. 4 (12) . 
